Fatty-acyl-glutamate (FA-Glu), a surfactin variant has been successfully produced using a genetically modified strain of Bacillus subtilis grown on glucose. However, yields with soybean hulls (SBH) replacing glucose were lower. This work was undertaken to reduce the yield loss when using SBH as the carbon source and to evaluate two other soy by-products, namely fiber and skim from aqueous oil extraction as alternative carbon and nitrogen sources.
Production of Fatty-Acyl-Glutamate Biosurfactant by Bacillus subtilis on Soybean Co-Products
Mustafa E. Highlights:
• Fermentation of soybean co-products (hulls, fibers and skim) produced lower FA-Glu titers than glucose-based medium.
• Enzymatic hydrolysis of soybean hulls (SBH) converted two-thirds (65%) of the total hull solids into soluble sugars.
• Fermenting SBH hydrolysates from which residual hull solids were removed produced FAGlu titers ca. 60% higher than those obtained with glucose.
• SBH hydrolysate is a potential feedstock for production of biosurfactants through fermentation by Bacillus subtilis.
Abbreviations: FA-Glu, fatty acyl glutamate; SBH, soybean hulls; dispersion-to-oil; SLS, sodium lauryl sulfate; CHO, carbohydrate; EAEP, enzyme-assisted aqueous extraction; PHF, pretreated hydrolysis & fermentation; SHF, simultaneous hydrolysis & fermentation.
Introduction
Surfactants are amphiphilic chemicals with emulsification and surface tension lowering properties that enable their use as foaming and dispersing agents. There is a growing demand for surfactants; however, as they are synthesized from petrochemicals or palm oil [1] , they are increasingly expensive and can be environmentally unfriendly. For these reasons, production of "green" biosurfactants from renewable resources has received considerable attention in recent years.
Biosurfactants, synthesized by microorganisms, consist of sugars, fatty acids and amino acids [2, 3] . Examples of microbially-derived biosurfactants include rhamnolipids, sophorolipids, phospholipids and lipopeptides from various strains of Pseudomonas, Torulopsis, Candida, and Bacillus [4, 5] . Biosurfactants have useful physiological, biocidal, surface activity and physicochemical properties [6] . Potential applications of biosurfactants include use in detergents, pharmaceuticals, oil recovery, cosmetics and food products. Their low toxicity and biodegradability make them environmentally friendly [7] . Moreover, as they can be produced by fermentation from renewable, biological feedstocks [8, 9] , they are not linked to uncertain supplies of petrochemicals.
Bacillus sp. produces an assortment of cyclic lipopeptide surfactants, such as iturins and fengycins [10] [11] [12] [13] . A well-known cyclic biosurfactant is surfactin, which consists of a long-chain β-hydroxy fatty acid of 12-17 carbons joined via an amide linkage to the amino-terminal glutamic acid residue of a heptapeptide (L-Glu/L-Leu/D-Leu/L-Val/L-Asp/D-Leu/L-Leu) [14] .
The carboxy-terminal leucine of the peptide is esterified to the β-hydroxyl group of the fatty acid to form a lactone. Surfactin is a potent surface active agent that reduces the surface tension of water from 72 to 27 mN/m at 20 µM [15, 24] .
Members of the genus Bacillus grow satisfactorily and produce biosurfactants on a variety of organic waste streams such as potato effluents, orange peels, cassava processing waste, sugarcane molasses, frying oils and cheese whey [8, 9, [16] [17] [18] [19] [20] [21] [22] . Figure 1 ) [1, 23] .
This is similar to surfactin in having fatty acid chains of 12-17 carbons, of which, the major species are those with 13-15 carbons. However, unlike surfactin, it lacks the heptapeptide moiety, and instead has only a single glutamic acid residue. Like surfactin, it has desirable physicochemical properties. FA-Glu reduces the surface tension of water to 27.2 mN/m at 0.1 g/L. Against larvae of the Gulf killifish, Fundulus grandis, FA-Glu was shown to be less toxic than surfactin and sodium lauryl sulphate [24] . Its **higher**??dispersion-to-oil ratio compared to surfactin makes it a candidate for use in oil spill remediation.
FA-Glu can be produced by fermentation using readily available nutrients for cell growth and biosurfactant production [1] . However, there is a need for sustainable resources and low-cost fermentation feedstocks for production of such biochemicals. Use of renewable low-value agricultural by-products is an attractive alternative to glucose, owing to the availability of food/feed-based co-product streams and agricultural processing wastes. Reznik et al [1] previously tested cellobiose, xylose and soybean hulls (SBH) as feedstocks for FA-Glu production. In general, the titers from these feedstocks were lower than those from glucose [1] .
Aqueous extraction of oil from soybeans followed by protein recovery from the resulting aqueous solution results in byproducts of hulls, fiber from the bean, and a peptide-enriched aqueous skim fraction. Soybean hulls and fibers consist of complex polysaccharides [26, 27] , that require enzymatic conversion into soluble sugars for biosurfactant production. Soy skim contains sugars and small peptides that could provide carbon or nitrogen [28] . Here the three were examined as replacements for S-7 components for producing FA-Glu by fermentation. 
Materials and Methods

Microorganism and Media
Soybean fractions
Enzymes
Most of the soy hull hydrolyses were done using cellulase, hemicellulase and pectinase provided by Novozymes (Franklinton, NC; Table 1 In experiments where SBH was pretreated with enzymes, hydrolysis was done at 50°C and pH 5 in 100 mM acetate buffer (Buffer A).
Soybean Hull Hydrolysis
Several enzymes and blends thereof were screened for hydrolytic activity on SBH polysaccharides. Screening trials identified the enzyme blend shown in Table 1 as having maximum hydrolytic activity on soy hulls. In subsequent trials, hydrolyses were performed to determine the minimum enzyme dosage required to achieve maximum conversion of SBH solids to soluble CHO. The SBH (7 g) were suspended in 100 mL of Buffer A, then autoclaved at 121°C. Each of the enzymes used for hydrolysis ( Table 1) 
Fermentation of soybean hull and soybean fiber-based media
For use in fermentation trials, soybean hulls were enzymatically-hydrolyzed in two ways: a)
Pretreated Hydrolysis & Fermentation (PHF); b) Simultaneous Hydrolysis & Fermentation (SHF). For PHF, hulls were hydrolyzed as described in the previous section. For fermentations containing residual hull solids, these hydrolysates were adjusted to pH 7.5 with sterile KOH, supplemented with sterile S-7 ingredients, and then inoculated with B. subtilis 40688-E4. Hulls prepared as described above (but without enzyme treatment) served as controls.
In PHF trials, where solid-free preparations were required, residual hull solids were removed following hydrolysis by centrifugation for 10 min at 25,000 x g at 4°C. The clear supernatants were recovered, adjusted to pH 7.5 with 1 M KOH, analyzed for soluble CHO and then used for fermentation trials. S-7 medium served as the primary control. The hydrolysates, which supplied soluble CHO, were supplemented with all the S-7 medium ingredients except glucose. Based on their soluble CHO concentrations, hydrolysate volumes used in media preparation were calculated so as to reach a final soluble CHO concentration of 20 mg/mL to match the glucose concentration of the control. Greater or lesser volumes of make-up water were included in the medium, so all flasks had the same volumes. Media containing hull preparations that were identically processed, but without enzyme treatment (referred to as "SBH Extracts") served as secondary controls. The media were filter sterilized and then inoculated with B. subtilis 40688-E4. Fermentations were carried out as described above.
For production of FA-Glu from soy fiber or soy hulls by SHF, fibers or hulls were suspended in S-7 medium without glucose, glutamic acid, trace metals and thiamine-HCl, then autoclaved at 121°C. On cooling, the preparations were supplemented with the remaining sterile S-7 medium ingredients except glucose, and then inoculated with B. subtilis 40688-E4, followed by addition of the sterile enzyme mixture. Immediately, aliquots were removed from the flasks, boiled for 10-15 min to inactivate the enzymes, clarified and frozen for later analysis. were sub-optimal for the enzymes; however, they were necessary for cell growth.
Analytical Measurements
Soluble CHO was quantified by the phenol-sulfuric acid method with glucose as the standard [30] . Absorbance was measured spectrophotometrically at 490 nm. The concentrations of unknowns were determined by reference to calibration curves. The pH was measured on an Accumet AB15 pH meter (Fisher Scientific).
Most FA-Glu analyses were performed by Modular Genetics, Inc., using a Thermo Scientific Accela UHPLC system coupled to a Thermo Scientific LXQ ion trap mass spectrometer with an ESI probe [1] . Chromatography was done on a Thermo Scientific C-18 Hypersil Gold column (50×2.1 mm, particle size 1.9 μm) at 25°C and a flow rate of 0.6 mL min were obtained from both instruments and methods. between different media were based on titers relative to the S-7 controls run at the same time.
Results and Discussion
Fermentation on S-7 medium
The effect of medium composition on FA-Glu production was examined (Table 2 ). In S-7 medium with 2% glucose, the FA-Glu titer was 312.5 mg/L. Lowering the glucose concentration to 1.2% reduced the FA-Glu titer by nearly 50%, demonstrating the effect of CHO concentration on FA-Glu titer. This dependence is consistent with the findings of Reznik et al [1] but the levels produced here are higher, chiefly due to the inclusion of glutamic acid as a medium ingredient in the current work. Table 2 shows that inclusion of glutamic increased the FA-Glu titer ca. 2.3-fold. Even in medium with glutamic acid and no glucose, FA-Glu titers reached 24% of that using the complete medium (S-7). While glutamic acid alone supplied ~15% as much carbon as glucose, per gram of carbon, the cells produce nearly 4 times more FA-Glu on glutamic acid compared to glucose, presumably because a portion of the glutamic acid can be directly incorporated into the FA-Glu with the rest providing the C-source. Table 3 shows the titers of FA-Glu obtained from insoluble soy fiber (2 and 3.3% w/v), were
Fermentations based on soybean co-products as medium ingredients
Soybean fiber
only slightly above what had been obtained from the same medium without fiber (i.e. only glutamic acid as a C-source). Nor did the inclusion of polysaccharide-hydrolyzing enzymes with the fiber increase FA-Glu titers. It is likely that FA-Glu produced by the cells was derived from glutamate, not soy fiber.
Soybean hulls
Soybean hulls (SBH) consist largely of cellulose, hemicellulose and pectin. These polysaccharides have the potential to serve as fermentation feedstocks for FA-Glu production.
When SBH were tested, it was found that B. subtilis consumed some of the soluble hull CHO and produced FA-Glu during 69-72 h of incubation; however, the FA-Glu titers were significantly lower, ranging from 82-102 mg/L, or ~40-50% of those obtained on S-7 medium.
( Table 4 ). Moreover, there was no significant increase in titer as the % SBH in the medium was increased. A small amount of carbohydrate was solubilized from SBH during media preparation.
Regardless of the concentration of soybean hulls used, the cells consistently consumed approximately 33-50 % of the soluble CHO. The FA-Glu titer from hulls was similar to that from S-7 medium prepared without glucose but with glutamic acid as the sole carbon source. It is likely that the FA-Glu is produced only from glutamic acid in S-7 medium, and that little or no FA-Glu is produced from native SBH. Supplementing the hulls with 2% glucose resulted in higher levels of FA-Glu; however, in all cases, the titers varied inversely with the amount of SBH and were significantly lower than those obtained on S-7 medium. The data suggest that a component of the hulls interferes with FA-Glu production.
The lower FA-Glu titers obtained with SBH were presumed to be due to an inability of the cells to metabolize the hull polysaccharides. Enzymatic hydrolysis would presumably convert the latter into fermentable sugar and boost FA-Glu levels during fermentation. Accordingly, hull preparations were treated with mixtures of polysaccharide-degrading enzymes. Moreover, in these trials, different levels of enzymes were used to identify the optimum dosage for enzymatic hydrolysis as excessive enzyme use would be costly. As mentioned (Methods and Materials), two hydrolytic regimens were used: PHF and SHF. The latter was tested since, if successful, it would simplify and shorten the process of converting soy polysaccharides into FA-Glu. A dosage of 0.06-0.52 grams of enzyme mixture per gram of hull solids was found to be effective ( Figure   3 ) for hydrolysis. Under the conditions used, the maximum conversion of SBH solids to soluble CHO was found to be 65-67%. At the higher levels of enzyme, this was reached after 8-10 h of incubation. Even the lowest dose of enzyme (~12% of the maximum) produced ~61% hydrolysis, and is indicative of the efficiency of the enzyme mixture. A similar mixture of cellulase, hemicellulase and pectinase provided by another supplier (Genencor) was found to bring about a nearly identical percent hydrolysis of soy hulls under the conditions used (Materials and Methods). However, when these enzymes were used for SHF during a 72-hr fermentation,it was found that FA-Glu titers produced from untreated hulls and hulls subjected to SHF were 27-and 27.5%, respectively, of those from S-7 (Table 4) . It is possible that limited soluble sugar release occurred since the conditions for optimum enzyme activity (pH 4.5-5 and 45-50°C) were not provided by the fermentation (37°C and pH 7.5).
To ensure conversion to soluble carbohydrate, the alternative approach of pre-hydrolysis followed by fermentation (PHF) was followed, wherein SBH were hydrolyzed under optimum conditions of temperature and pH, converting 67% of the SBH solids to soluble sugars prior to fermentation. . In spite of this assured release of fermentable sugars, fermentation of the hydrolysate still resulted in FA-Glu titers of only 58.4 mg/L, or ~21% of that obtained on glucose and somewhat less than that of the SSF fermentations (Table 5 ). For both SSF and PHF, residual hull solids are in the medium. It was earlier noted that FA-Glu titers vary inversely with the percentage of SBH in the fermentation (Table 4) . Thus, it is conceivable that, following enzymatic hydrolysis in PHF trials, the residual hull solids might hinder FA-Glu synthesis. This was tested by fermenting SBH hydrolysates from which residual hull solids were removed after enzyme treatment.
Cell growth was consistently better on soy hull hydrolysates from which residual solids were removed than on S-7 medium (Figure 4 ). With all hull preparations, the lag times were shorter.
The cells consumed 90% of the soluble CHO from soybean hulls and reproducibly grew to higher cell densities on the hydrolysates compared to S-7 medium, even though their initial soluble CHO concentrations were identical. It is possible that during the hydrolysis, the enzymes solubilize proteins and/or peptides from the hull solids that may stimulate cell growth. Moreover, in the absence of SBH solids, high levels of FA-Glu were produced (Table 5 ) from the hydrolysates. Statistical analysis (Duncan's multiple comparison test using Proc GLM software, based on the pooled standard deviation of replicates from each of these fermentations) showed no significant differences in titer among the enzyme dosages used. However, all were significantly higher (p<0.05) than the enzyme-free control, and two dosages, including the lowest, were significantly higher than the S-7 medium. Thus, removal of residual hull solids is a necessary step to obtain high FA-Glu titers on SBH hydrolysates. Soy hulls contain hemicelluloses [26] , which yield pentoses on hydrolysis. Khan et al. reported that production of surfactin by B. subtilis was higher on pentoses compared to glucose [31] . This is consistent with the data of Reznik et al (1) who observed higher FA-Glu titers on xylose vs. equivalent amounts of glucose. Thus pentoses enzymatically-released from SBH may be responsible for the higher FA-Glu titers.
In summary, SBH can be used to produce FA-Glu if hydrolyzed using as little as 0.06 g enzyme/g hulls, followed by removal of residual solids. Fermentation of the soluble sugars in hydrolysates results in FA-Glu titers that are higher than those obtained on equivalent amounts of glucose. Cost of goods for this alternative is hard to estimate as it is dependent on proprietary enzyme costs. Based on the the range of estimates reported for enzyme costs [32] , we estimated $3.50/kg for enzymes and $0.15/ kg for SBH (based on current bulk cost). The cost of those two goods to replace a kg of glucose with a kg of soluble CHO from SBH would be $0.58 kg using the lowest enzyme dosage we reported. Current bulk price of a kg of glucose from glucose syrup is $0.62/kg. With a combination of reduced enzyme dosage and further strain engineering it may be feasible to widen that cost of goods savings to offet the additional processing cost.
Fermentations with soybean skim
B. subtilis grew in media supplemented with soy skim as evidenced by increases in cell turbidity ( Figure 5 ). The extent of cell growth was less than that observed with S-7 medium, but increased with the percent skim in the medium. Despite the cell growth, FA-Glu titers on skim were consistently very low, and varied inversely with the skim percentages ( Figure 5 ).
Supplementing the skim with 2% glucose increased the FA-Glu titer, but only minimally.
Regardless of the percent (v/v) skim in the medium, the cells consumed 49-56% of the soluble CHO. Medium with 100% skim contained ~19 mg/mL soluble CHO, half of which was consumed. The amount utilized was sufficient to produce measurable amounts of FA-Glu. The failure of the cells to produce higher titers of FA-Glu is apparently not due to insufficiency of fermentable CHO; rather, it suggests that the skim contains something that prevents FA-Glu synthesis by the cells.
Conclusion
Soy skim from EAEP contains unidentified substance(s) that inhibit FA-Glu synthesis. As such, the skim fraction is unsuitable as a feedstock for biosurfactant production. Similarly, unmodified SBH solids, residual hull solids from enzymatic hydrolysis, and soy fibers from aqueous extraction also reduce FA-Glu production. However, soluble sugars from SBH hydrolysates from which residual hull solids have been removed are an acceptable feedstock. On these sugars, B. subtilis grows faster and to a greater extent; moreover, the cells also produce higher FA-Glu titers than on equivalent amounts of glucose. The glucose-containing defined medium used here (S-7) produced higher titers than that reported for this strain with a previous defined medium lacking glutamic acid. Here is a 3rd version of Figure 3 . Here, the data for both replicates of the 0-and 0.26 g dosages of enzyme were plotted such that the lines captured ALL the data points. For the 0-g dosage, a linear trendline was used, and it looks OK. For the 0.26-g dosage, the trendline approach doesn't look good no matter how it is done. In the figure, a simple line is goes thru the data points. However, the curve is "bumpy/jerky" for the 4-6 hr time points. This is more evident if open data points are used. We elected to use solid data points, to hide this. Let us know which version of this figure you prefer. **we'll discuss this** 
